The § measurement of the flow resistivity of porous materials shows that two types of behavior can bë observed, depending on the value of a Reynolds number based on the porous material microgeometry.
I. INTRODUCTION
In a number of practical applications, porous materials that are used to attenuate sound are exposed to intense sound pressure levels SPL ! . In this case, nonlinear behaviors appear in the sound propagation through the media. This can be due either to nonlinearities in the flow field in the case of rigidly framed material In this paper, only rigidly framed porous materials will be considered. For this kind of media, the linear sound propagation can be described by mean of an equivalent fluid with an effective density and an effective compressibility which are complex values depending on the frequency $ see, e.g., Johnson et al. 3 and Lafarge et al. 4% . The effective characteristics of the material can be obtained with the help of six parameters: the porosity 2 /8 and the static viscous permeability k 0 is only used in the definition of the resistivity leads to the conclusion that only resistivity is involved in the nonlinear effects.
New experimental results concerning the nonlinear deviation of the resistivity are given in Sec. II. Particular precautions are taken to obtain accurate results at very low flow rates in the porous media. At low flow rates, the problem is amenable to asymptotic analysis 5, 6 and a good match between the experimental results and the results of the calculations and numerical simulations is observed. For higher flow rates, the Forchheimer behavior, 5, 6 already observed by other authors, is observed experimentally. The measurements reported in Sec. II are used to predict the nonlinear acoustical behavior of porous materials described in Sec. III. The predictions of the equivalent fluid model are compared to new experimental results obtained by acoustic measurements at high amplitudes. The agreement between predictions and measurements shows that the variation of the flow resistivity is the main effect of high sound level on sound propagation through rigid porous media.
II. RESISTIVITY MEASUREMENTS
The resistivity of a porous media is defined by Darcy's law states that, for small flow rates, the pressure drop is proportional to the seepage velocity and to the length of the sample. Thus, in Darcy's approximation, the resistivity is constant:
Some deviations to Darcy's law appear when the seepage velocity increases. The relevant parameter to describe these variations of resistivity is the Reynolds number defined here by Re`2
is a viscous characteristic length which depends on the microgeometry of the pores, This empirical behavior is classically referred to as the Forchheimer's law. In spite of its practical interest in filtration and in acoustics, the low Reynolds number zone has not often been studied experimentally. It has now been theoretically demonstrated by asymptotic analysis that, for typical microgeometry used in acoustical porous materials, the deviation from Darcy's law is quadratic in Reynolds number Rojas and Koplik 6 for a careful treatment of the problem and a review of the literatured .
The resistivity measurements of two porous materials used in acoustical applications are presented below. The materials were chosen to have very different pore microgeometries. One is a plastic foam and the other is an agglomerated rubber made with pieces of about 1 mm in size. The acoustical parameters of those materials 7 and the length of the used samples are indicated in Table I .
In order to measure the resistivity, a sample is inserted in a tube and C 1 used in Eqs.
n 1o and p 2q are given in Table II . Those coefficients lead to a slope continuity of the fitted curves when Rer Re c s Fig. 3t . The quadratic coefficient C 2 is about 10 times greater for the agglomerated rubber than for plastic foam and the critical Reynolds number Re c is 6 times smaller for the agglomerated rubber. This points to a larger sensitivity of the agglomerated rubber to nonlinear effects, which was expected because of the shape of the microgeometry. In an agglomerated rubber, the pores are made of cavities connected together by small channels. Thus, the velocity gradients are much larger than in the plastic foam. Likewise the ratio between the nonlinear term and the viscous term in the Navier-Stokes equation is expected to be larger for the agglomerated rubber. The overdetermination is used, with a least square method, to increase the accuracy of the experimental results. The acoustic velocity u 1 on # side 1 of the sample is computed by u As a result, the acoustical amplitude is roughly constant in the tube and the acoustic pressure and the velocity never vanishes at the sample location, throughout the frequency range of interest.
III. ACOUSTIC MEASUREMENTS AT HIGH SPL
The reciprocity and the symmetry of the measured element imply that the transmission T and
) can be computed from the microphone data as a function of the frequency and of the amplitude of the acoustic velocity Table I have been measured using another experimental setup 7 and are assumed to remain unchanged when the level increases.
The agreement between the measurements of R and T and the model is good for both materials, for all the Reynolds numbers and for all the frequencies under investigation 
